We have analyzed large-amplitude quadrupole collective dynamics in neutron-rich nuclei 30−36 Mg using the five-dimensional quadrupole collective Hamiltonian approach. The collective Hamiltonian is microscopically derived with the constrained HFB plus local quasiparticle RPA method. Enhancement of the quadrupole collectivity from 30 Mg to 34 Mg is well described by the calculation. The shape transitional behavior in the ground band and the shape coexistence/mixing properties in the ground and excited 0 + states are analyzed. §1. Introduction
§1. Introduction
Enhancement of the quadrupole collectivity in neutron-rich nuclei around 32 Mg is under active discussion both experimentally and theoretically. In neutron-rich Mg isotopes, the increase of the excitation energy ratio E(4 34 Mg show a kind of quantum phase transition from spherical to deformed shapes taking place around 32 Mg. Quite recently, excited 0 + states are found at 1.789 MeV in 30 Mg 1) and at 1.058 MeV in 32 Mg. 2) These low-lying 0 + states indicate the shape coexistence/mixing taking place in this region. A naive interpretation of the shape coexistence in 30 Mg and 32 Mg is the spherical ground state and the deformed excited state in 30 Mg, and the deformed ground state and the spherical excited state in 32 Mg. However, available theoretical calculations overestimate the excitation energy of 32 Mg, and the clarification of the nature of these 0 + states is a current important issue.
For understanding shape dynamics in low-lying collective excited states of Mg isotopes near N = 20, it is desirable to develop a theory which can describe various collective phenomena including an ideal shape coexistence limit, where the wave function of an individual quantum state is well localized in the deformation space and a transitional situation where the large-amplitude shape fluctuations dominate. The five-dimensional quadrupole collective Hamiltonian is a powerful theoretical approach to analyze the properties of the low-lying collective states satisfying the above demand [see Ref.
3) for a recent review]. However, in the microscopic determination of the inertial functions (mass parameters) in the collective Hamiltonian, the crank-ing approximation to the collective mass and the Inglis-Belyaev approximation to the rotational moments of inertia 4) are widely used, although they do not take into account the time-odd contribution of the moving field. Recently we have formulated a microscopic method of deriving the potential and inertial functions on the basis of the adiabatic self-consistent collective coordinate method. 5) The method is called the constrained Hartree-Fock-Bogoliubov plus local quasiparticle random-phase approximation (CHFB + LQRPA). 6) This new method enables us to evaluate the inertial functions including the time-odd contribution of the moving field.
In this presentation, we discuss the large-amplitude shape dynamics in the lowlying states of 30−36 Mg by constructing the collective Hamiltonian using the CHFB + LQRPA method. 7) We introduce the CHFB + LQRPA method 6) 
1)
2)
where V (β, γ) is the collective potential, D ββ , D βγ , and D γγ are the three vibrational inertial masses, and J k are the three rotational moments of inertia about three principal axes (ω k are the rotational angular velocities). These quantities are determined by the CHFB + LQRPA method. The central concept of the CHFB + LQRPA method is the local normal modes built on constrained mean fields defined at each point of the (β, γ) plane. The two-dimensional collective space is spanned by CHFB states |φ(β, γ) , which are determined by solving the CHFB equations with the four constraints on neutron and proton numbers and quadrupole deformations. The LQRPA equations for vibrational degrees of freedom are written as
whereĤ CHFB is the microscopic CHFB Hamiltonian including four linear constraint terms, andQ i andP i are local infinitesimal generators defined at (β, γ) with respect to the CHFB states. We select two LQRPA solutions among a lot of solutions of the LQRPA equations following the minimal metric criterion of Ref. 6 ). The vibrational masses are then determined by the local transformation of the two collective coordinates (q 1 , q 2 ), spanned by the infinitesimal generators of two collective LQRPA modes, into the two quadrupole deformation parameters (β, γ). The vibrational masses associated with quadrupole deformations Q 20 and Q 22 are given by
The partial derivatives are calculated using the LQRPA infinitesimal generators
The rotational moments of inertia J k are evaluated at each (β, γ) point using the LQRPA equations for the rotational degree of freedom together with the orthonormalization condition
We solve the five-dimensional collective Schrödinger equation constructed from Eq. (2 . 1) with Pauli's prescription
where E αI is the energy of the state labeled by α, I and M are the angular momentum quantum number and its z-component in the laboratory frame, respectively. The collective wave function in the laboratory frame Ψ αIM is written in terms of the vibrational wave function in the body-fixed frame Φ αIK as
where Ω|IM K is the superposition of the rotational wave functions. §3.
Low-lying states of Mg isotopes
We solve the CHFB + LQRPA equations employing the pairing-plus-quadrupole (P + Q) Hamiltonian including the quadrupole-pairing interaction. The two major harmonic oscillator shells (sd and pf shells) are chosen as an active model space for both neutrons and protons. The parameters of the P + Q Hamiltonian are determined so as to simulate the result of the Skyrme-HFB calculations with the SkM* functional and the surface pairing functional. Details can be found in Ref. 7) .
The collective potentials V (β, γ) for 30−34 Mg are shown in Fig. 1 . The prolate deformation grows with increase of the neutron number. The collective potentials for 30 Mg and 32 Mg are very soft with respect to β. In 30 Mg, it has a minimum at Fig. 2 we plot the rotor-model prediction for the excitation energies of the 4 + 2,3 states, and the deviation from the rotor-model prediction is largest at 32 Mg. This indicates the importance of the shape-fluctuation effect in these nuclei. This deviation from the simple rotor-model pattern of the excited bands in 30 Mg and 32 Mg, noticed above, can be seen more drastically in the interband E2 transition properties. In Fig. 2 , we plot the ratio B(E2; 0 , γ) plane are the same within the band members, this ratio should be one. These ratios for 34 Mg and 36 Mg are close to one, indicating that the change of the intrinsic structure between the 0 + and 2 + states is small. In contrast, the ratios for 30 Mg and 32 Mg are larger than 10, indicating a remarkable change in the shape-fluctuation properties between the 0 + and 2 + states belonging to the ground and excited bands.
To reveal the nature of the ground and excited 0 + states, it is important to examine both the vibrational wave functions and the probability density distributions. In Fig. 3 , we display the vibrational wave functions squared |Φ α,I=0,K=0 (β, γ)| 2 and the probability density integrated over γ, P (β) = dγ|Φ α,I=0,K=0 (β, γ)| 2 |G(β, γ)| 1/2 , for the ground and excited 0 + states. Here, |G(β, γ)| 1/2 dγ is the volume element written in terms of the vibrational and rotational inertial functions. The peak position of the probability density in the ground state moves toward a larger value of β in going from 30 Mg to 34 Mg. It is found that the distribution for 32 Mg is much broader than those for 30 Mg and 34 Mg, indicating that the shape fluctuation is largest in 32 Mg. Next let us move on to the quantities for excited 0 + 2 states. The vibrational wave functions for 30 Mg and 32 Mg exhibit the maximum peak at the spherical shape. However, these peaks become small and are shifted to the deformed region in the probability density. On the other hand, the second peaks in 30 Mg and 32 Mg seen in the vibrational wave functions squared become the prominent peaks in the probability density. In this sense, we can regard the 0 + 2 state of 30 Mg as a prolately deformed state. In the case of 32 Mg, the probability density exhibits a very broad distribution extending from the spherical to deformed regions up to β = 0.5 with a prominent peak at β ≈ 0.4 and a node at β ≈ 0.3. The position of the node coincides with the peak of the probability density distribution of the 0 
